Abstract. Advanced pancreatic cancer still has a poor prognosis, even with the approval of several drugs, such as gemcitabine. Therefore, developing effective and safe antitumor agents is urgently needed. 6-Shogaol, a phenol extracted from ginger, has been linked to suppression of proliferation and survival of cancer with different mechanisms. In the present study, we investigated whether 6-shogaol could suppress pancreatic cancer progress and potentiate pancreatic cancer to gemcitabine treatment in vitro and in vivo. We found that 6-shogaol prevented the activation of toll like receptor 4 (TLR4)/NF-κB signaling. The modulation of NF-κB signaling by 6-shogaol was ascertained by electrophoretic mobility shift assay and western blot analysis. The suppression of NF-κB signaling and key cell survival regulators including COX-2, cyclinD1, survivin, cIAP-1, XIAP, Bcl-2, and MMP-9 brought the anti-proliferation effects in pancreatic cancer cells and sensitized them to gemcitabine treatment. Furthermore, in a pancreatic cancer xenograft model, we found a decreased proliferation index (Ki-67) and increased apoptosis by TUNEL staining in 6-shogaol treated tumors. It was also shown that 6-shogaol combined with gemcitabine treatment was more effective than drug alone, consistent with the downregulation of NF-κB activity along with its target genes COX-2, cyclinD1, survivin, cIAP-1, and XIAP. Overall, our results suggest that 6-shogaol can inhibit the growth of human pancreatic tumors and sensitize them to gemcitabine by suppressing of TLR4/NF-κB-mediated inflammatory pathways linked to tumorigenesis.
INTRODUCTION
Pancreatic cancer is a highly aggressive malignant disease with a 5-year survival rate of less than 5%. According to the statistics published by the National Cancer Institute, 43,920 new pancreatic cancer cases were reported and 37,390 individuals died of pancreatic cancer in the year 2012 in USA (http:// www.cancer.gov/cancertopics/types/pancreatic). Conventional therapeutic strategies have yielded limited success with a great proportion of dismal outcomes in pancreatic cancer treatment. The limitations necessitate the development of less toxic drugs as well as adjuvants that can selectively sensitize pancreatic tumor cells to chemotherapy drugs.
Toll like receptors (TLRs) are pattern recognition receptors, playing a key role in inflammatory response by recognizing pathogen-associated molecular patterns (PAMPs) and endogenous damage-associated molecular patterns (DAMPs). Mounting evidence has suggested the reflexive relationship between inflammation and cancer, including pancreatic cancer (1, 2) . Specifically, lipopolysaccharide (LPS) from intestinal gram-negative bacteria can promote TLR4/NF-κB activation in pancreatic cancer cells which connects inflammation with cancer progression (3). In fact, clinical studies found that TLR4 and NF-κB were overexpressed in pancreatic adenocarcinoma compared to surrounding tissues. Patients with an absence of TLR4 expression in tumor tissues survived significantly longer than those with TLR4 expression (4) . Furthermore, NF-κB, an essential downstream component of TLR4 signal pathway, has been shown to be involved in pancreatic cancer progression and chemoresistance. All these studies suggest that TLR4/NF-κB is a potential therapeutic target for the treatment of pancreatic cancer.
Although gemcitabine is an agent approved by the US Food and Drug Administration (FDA) to treat pancreatic cancer, the outcome is not fully satisfactory mainly due to toxicity to normal tissues and acquisition of resistance by tumor tissues. Multiple lines of evidence have suggested that activation of NF-κB and its target genes could increase cell survival and contribute to cellular resistance to gemcitabine. Therefore, NF-κB inhibitors could reduce the chemoresistance to gemcitabine and perhaps be adopted in combination with gemcitabine as a novel therapeutic treatment regimen for pancreatic cancer (5) .
6-Shogaol is a phenolic alkanone derived from ginger. As one of the most active ingredients of ginger, 6-shogaol has been reported to exert potent antitumor activity in a variety Ling Zhou and Lianwen Qi contributed equally to this work.
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The online version of this article (doi:10.1208/s12248-013-9558-3) contains supplementary material, which is available to authorized users. of human cancer cell lines in vitro (6) (7) (8) . Previous studies have demonstrated that 6-shogaol induced apoptosis of hepatocellular carcinoma and cervical cancer via endoplasmic reticulum stress (9, 10) . Additionally, increasing evidences have demonstrated that this plant polyphenol is a potent blocker of the NF-κB pathway (6, 11, 12) . These studies suggest that 6-shogaol can be useful as an adjuvant to potentiate the effects of gemcitabine in pancreatic cancer.
In the present study, we investigated the effects of 6-shogaol on the growth of human pancreatic cancer cells. We also tested whether 6-shogaol could sensitize human pancreatic tumors to gemcitabine in vitro and in vivo. We demonstrated that 6-shogaol inhibited the proliferation of pancreatic cancer cells, enhanced gemcitabine-induced apoptosis, and potentiated the antitumor activity of gemcitabine against subcutaneously implanted human pancreatic tumors through the downregulation of TLR4/NF-κB signaling and NF-κB-regulated gene products.
MATERIALS AND METHODS

Cell Lines and Cell Culture
The human pancreatic cancer cell lines PANC-1 and BxPC-3 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). PANC-1 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (Gibco) and BxPC-3 cells were cultured in RPMI 1640 containing 10% FBS. All cell lines were incubated at 37°C in a humidified atmosphere of 5% CO 2 .
Materials
Antibodies against TLR4, COX-2, and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against cIAP-1, XIAP, survivin, laminB, phosphor-NF-κB p65, NF-κB p65, MMP-9, cyclinD1, Bcl-2, pro-caspase 3, cleaved-caspase 3, and cleaved-poly-ADPribose polymerase (PARP) were from Cell Signaling Technology (Beverly, MA). 6-Shogaol (>95% pure) was extracted from ginger using a supercritical fluid extraction method. We calculated molarities according to the amount of active agent in the material and dissolved 6-shogaol in dimethylsulfoxide (DMSO) to make 100 mM stock solution as described previously (9) . Gemcitabine (Gemzar) was purchased from Eli Lilly (Indianapolis, USA) and stored at 4°C, which was dissolved in sterile phosphate buffered solution (PBS) on the day of use.
Animals
All procedures in animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the China Pharmaceutical University (Nanjing, China). Six-week-old pathogen-free male BALB/c immunodeficient nude mice were obtained from Shanghai Slac Laboratory Animal Limited Company (Shanghai, China). Animals were housed in sterile filter-capped microisolator cages and provided with sterilized diet and water.
Proliferation Assay
First, we examined the anti-proliferation of 6-shogaol. In brief, PANC-1 and BxPC-3 cells (3,000 per well) were seeded in 96-well plates and supplemented with fresh medium containing different concentrations of 6-shogaol (0, 15, 20, and 25 μM) on the next day. After incubating for 24, 48, and 72 h, 3−(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) solution (5 mg/mL) was added to each well. After incubation at 37°C for an additional 4 h, MTT formazan formed by viable cells was dissolved in DMSO, and absorbance was measured at 570 nm by the Universal Microplate Reader (BIO-TEK instruments, Inc., Vermont, MA). To further examine chemosensitization of 6-shogaol, cells were plated as described above and cultured with medium containing 6-shogaol (10-20 μM) for 24 h. Then, these cells were subsequently incubated with gemcitabine (0.1-10 μM) for an additional 72 h. Cells were exposed to 6-shogaol for 96 h and gemcitabine for 72 h as a single-agent treatment control.
Drug Interaction Analysis
Drug interaction between 6-shogaol and gemcitabine was assessed using the combination index (CI), where CI<1, CI= 1, and CI>1 indicate synergistic, additive, and antagonistic effects, respectively (13) . The CI value was calculated as follows:
where (Dx) 1 and (Dx) 2 are the 50% inhibitory concentration of cell growth (IC 50 ) of 6-shogaol and gemcitabine, respectively, and (D) 1 and (D) 2 are the drug concentrations in combination treatments that also inhibit cell growth by 50%. The IC 50 was calculated by non-linear least squares curve fitting.
Apoptosis Assay
Cell death detection enzyme-linked immunosorbent assay (ELISA) kit (Roche, Mannheim, Germany) was used to detect apoptosis in PANC-1 and BxPC-3 cells according to the manufacturer's protocols.
Clonogenic Assay
PANC-1 and BxPC-3 cells were plated (200,000 per well) in a six-well plate and incubated overnight at 37°C. After different concentrations of 6-shogaol (0, 15, and 20 μM) treatment for 24 h, cells were trypsinized and viable cells were counted using trypan blue exclusion method. Then 1,000 viable cells were plated in 100-mm Petri dishes to determine the plating efficiency as well as assess the effects of treatment on clonogenic survival. Cells were incubated for 14 days in a humidified incubator containing 5% CO 2 in air at 37°C. After 4% paraformaldehyde fixing for 15 min, colonies were stained with 2% crystal violet and then counted.
Protein Extraction and Western Blot Analysis
Protein samples were prepared by incubation of cells or tumor tissues in radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche, Mannheim, Germany). The concentration of total proteins was determined using enhanced BCA (bicinchonininc acid) protein assay reagent (Beyotime, Jiangsu, China). Protein samples were separated by 10-12% SDS-PAGE and transferred to nitrocellulose (NC) membranes. Membranes were blocked with 5% nonfat dried milk in 1× Tris-buffered saline (TBS) containing 0.05% Tween 20 under room temperature for 2 h and then incubated with primary antibodies at 4°C overnight. Protein bands were detected by incubation with horseradish peroxidase-conjugated secondary antibodies (ZSGB-BIO, Beijing, China), and visualized by enhanced chemiluminescence reagent (Amersham, USA).
Electrophoretic Mobility Shift Assay
Electrophoretic mobility shift assays (EMSA) was used to assess NF-κB activation. Briefly, nuclear extracts prepared from treated cells and tumor samples with Nuclear and Cytoplasmic Extraction Reagents (Pierce, IL, USA) were incubated with biotin labeled double-stranded NF-κB oligonucleotide (5′-TTGTTACAAGGGACTTTCCGCTGGGGACTTTCCAGG GGGAGGCGTGG-3′; underline indicates NF-κB-binding sites) for 30 min at 37°C (14) , and EMSA was performed followed the instructions of LightShift chemiluminescent EMSA kit (Pierce).
Native gel PAGE
To perform Native PAGE analysis, native proteins were prepared using ice-cold isotonic buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate] containing protease inhibitor cocktail and phosphatase inhibitor cocktail. An amount of 50 μg of protein was loaded onto 6% SDS-free, PAGE gels. Proteins were transferred to NC membranes and immunoblotted with TLR4 antibody as described in the western blotting part.
Plasmid and Small Interference RNA Transient Transfection
The p65 plasmid was purchased from Sino Biological Inc. (Beijing, China). The TLR4 small interference RNA (siRNA) and the scrambled siRNA were purchased from Santa Cruz Biotechnology. Transfection of DNA (plasmids) and RNA (siRNA) was performed using Lipofectamine™ 2000 (Invitrogen) according to the manufacturer's instructions.
Xenograft Animal Experiment
After an acclimatization period of 1 week, mice (n=24) were injected with PANC-1 cells (1×10 7 ) with matrigel (100 μL) to the right flank of each mice. When tumor volume reached 100 mm 3 , mice were randomly divided into the following four treatment groups with six animals each: (a) Vehicle group; (b) 6S group (50 mg/kg 6-shogaol once daily by intraperitoneal [i.p.] injection); (c) Gem group (25 mg/kg gemcitabine twice weekly by i.p. injection); (d) 6S+Gem group (50 mg/kg 6-shogaol once daily by i.p. injection and 25 mg/kg gemcitabine twice weekly by i.p. injection). Tumor volume and body weight were measured every other day. The volume was calculated using the formula V=0.52 a b 2 , with a as the larger diameter and b as the smaller diameter. Therapy was continued for 4 weeks and mice were sacrificed at 24 h after the last administration of compound. Tumor samples were excised and weighed. Half of the tumor tissues were formalin fixed. The other half was snap frozen in liquid nitrogen and stored at −80°C.
Immunohistochemistry Staining
Tumor samples were embedded in paraffin and sectioned for immunohistochemical staining for Ki-67 and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) and observed with a microscope (Nikon, Japan). Results were expressed as percentage of Ki-67/ TUNEL-positive cells per ×40 magnification. A total of ten ×40 fields were examined from three tumors of each of the treatment groups.
Statistical Analysis
All data was represented as mean ± standard deviation (SD) for at least three independent experiments and representative examples are shown. Statistical analysis of multiplegroup comparisons was performed by one-way analysis of variance (ANOVA). Comparisons between two groups were analyzed using Student tests. A p value<0.05 was considered statistically significant.
RESULTS
6-Shogaol Inhibited Proliferation and Induced Apoptosis of Pancreatic Cancer Cells
To examine the anti-proliferative effects of 6-shogaol on human pancreatic cancer cells, we used PANC-1 cells which exhibit K-Ras and p53 mutations, and BxPC-3 cells with wildtype K-Ras. The viability of cells treated with 6-shogaol at various concentrations (0, 15, 20, and 25 μM) for 24, 48, and 72 h was determined by MTT assay. As shown in Fig. 1a, 6 shogaol inhibited proliferation of pancreatic cancer cells irrespective of their genetic background in a dose-and timedependent manner. To further evaluate the anti-proliferative activity of 6-shogaol, colony-formation assay was performed. Treatment with 6-shogaol (15 and 20 μM) for 24 h resulted in reduction of colony number and colony size in PANC-1 and BxPC-3 cells compared to control (Fig. 1b) . Furthermore, to determine the mechanism of the observed proliferation inhibition by 6-shogaol treatment, apoptosis was evaluated using histone-DNA ELISA assay. As shown in Fig. 1c , there was a significant increase in the number of apoptotic cells when cells were exposed to 6-shogaol. Cleaved active components of caspase 3 and its downstream substrate PARP increased dose-dependently upon 6-shogaol treatment (Fig. 1d) . All the results indicated that the anti-proliferative effects of 6-shogaol were correlated to cell apoptosis.
6-Shogaol Inhibited TLR4/NF-κB Signaling in Pancreatic Cancer Cells
To investigate the mechanism that 6-shogaol induced apoptosis in pancreatic cancer cells, NF-κB activity was evaluated given that the signal is constitutive activated in most pancreatic cancer (15) . As shown in Fig. 2a, 6 -shogaol treatment resulted in a decreased p65 phosphorylation. We then checked the subcellular localization of p65, as shown in Fig. 2b, 6 -shogaol sequestered p65 in the cytoplasm in a concentration-dependent manner. These observations were further supported by the finding that 6-shogaol treatment attenuated NF-κB-DNA-binding activity as assessed by EMSA (Fig. 2c) . Subsequently, the NF-κB-regulated gene products were analyzed by PCR and western blot. We found that 6-shogaol suppressed the constitutive expression of antiapoptotic proteins (cIAP-1, survivin, XIAP, and Bcl-2), proliferative proteins (COX-2 and cyclin D1) and metastatic protein (MMP-9) in a concentration-dependent manner in PANC-1 cells (supplemental 1 and Fig. 2d ). These findings indicated that 6-shogaol induced apoptosis in association with inhibition of NF-κB and its downstream effectors.
We next investigated which components in NF-κB signaling 6-shogaol affected. TLR4 protein can activate the NF-κB pathway and increase p65 Ser536 phosphorylation (16) . Dimerization of TLR4 triggers a series of cascade to activate its downstream signaling which ultimately results in activation of NF-κB (17, 18) . TAK-242 (resatorvid), a smallmolecule-specific inhibitor of TLR4 signaling, decreased the expression of cIAP-1, survivin, XIAP, and p-p65, while LPS, a TLR4 ligand, increased the expression of these genes (supplemental 2). Both pancreatic cancer cell lines (PANC-1 and BxPC-3) expressed TLR4 (supplemental 3). Furthermore, 6-shogaol had minor effects on the expression of TLR4 at the concentration of 15 and 20 μM, but at higher concentration (25 and 30 μM), 6-shogaol decreased the total TLR4 protein (Fig. 2e) . In addition, 6-shogaol inhibited the dimerization of TLR4 (Fig. 2f) . Together, these findings demonstrated that TLR4 might be an important effective target for 6-shogaol in the treatment of pancreatic cancer.
6-Shogaol Sensitized Pancreatic Cancer Cells to Gemcitabine Treatment
Although gemcitabine was approved for treating pancreatic cancer by FDA, the outcome is still poor due to the formation of drug resistance, a process in which NF-κB regulation is involved (5). Since 6-shogaol can attenuate NF-κB activity, we next investigated whether 6-shogaol could augment cytotoxicity of gemcitabine in pancreatic cancer cells. The effects of gemcitabine on cell viability were determined by MTT assay (supplemental 4). Subsequent studies were undertaken to examine whether cells pretreated with 6-shogaol could be more sensitive to gemcitabine. Treatment with either 6-shogaol (15 μM, 96 h) or gemcitabine (1 μM, 72 h) alone resulted in a 25∼30% loss of viability of PANC-1 and BxPC-3 cells. However, pretreatment with 6-shogaol (15 μM for 24 h) followed by gemcitabine (1 μM, 72 h) treatment resulted in an approximately 55∼60% inhibition of proliferation in all cell types (Fig. 3a) . This anti-proliferative activity was further confirmed by colonyformation assay (Fig. 3b) . It was shown that pretreatment with 6-shogaol (15 μM for 24 h) followed by gemcitabine (1 μM, 72 h) treatment induced apoptosis in a greater proportion when compared to treatment with either drug alone (Fig. 3c) . Both cleaved-caspase 3 and cleaved-PARP were also increased (Fig. 3d) . Multiple-dose combinations of 6-shogaol (10-20 μM) and gemcitabine (0.1-10 μM) were also investigated. As shown in supplemental 5, the cell viability was distinctly decreased in all pancreatic cancer cell lines investigated on the combination of 6-shogaol and gemcitabine treatment. Moreover, to confirm synergism, the CI values were determined for combination treatment group, at concentration ratio of 2:1, 1:1, and 1:2. We found that cells pretreated with 6-shogaol showed synergistic loss of the cell viability when combined with gemcitabine (Table I, II). These findings indicated that 6-shogaol increased sensitivity toward gemcitabine in pancreatic cancer cells.
6-Shogaol Potentiated the Effects of Gemcitabine by Downregulating TLR4/NF-κB Signaling
Because 6-shogaol sensitized pancreatic cancer cells to gemcitabine, we investigated whether this property was dependent on inactivation of NF-κB. PANC-1 cells were exposed to 6-shogaol (15 μM) for 24 h followed by treatment with gemcitabine (1 μM) for another 72 h and nuclear extracts from these cells were subjected to EMSA. Consistent with previously published data (19) , gemcitabine treatment induced DNA-binding ability of NF-κB. However, pretreatment with 6-shogaol inhibited gemcitabine-induced activation of NF-κB (Fig. 4a) . These results were further confirmed by immunoblot of target proteins regulated by NF-κB in PANC-1 cells (Fig. 4b) . We then determined whether overexpression of p65 or silencing of TLR4 could affect the treatment of 6-shogaol on pancreatic cancer cells. Firstly, the overexpression efficiency of p65 and specific suppression of TLR4 were confirmed by western blotting (Fig. 4c, d ). After transfection, PANC-1 cells were pretreated with 6-shogaol (15 μM for 24 h) followed by gemcitabine (1 μM, 72 h) and cell viability was determined. Either overexpression of p65 or silence of TLR4 attenuated the 6-shogaol effects (Fig. 4e, f) , indicating TLR4/NF-κB signaling might be the main functional target of 6-shogaol in pancreatic cancer cells.
Therapeutic Effects of Gemcitabine Were Enhanced by 6-Shogaol In Vivo
We further evaluated in vivo antitumor activity of 6-shogaol in a xenograft pancreatic tumor model. The experimental protocol is depicted in Fig. 5a . Tumor growth was significantly inhibited in mice injected with 6-shogaol (p< 0.05) or gemcitabine (p<0.05) compared with the vehicle group, while the tumor growth of 6S+Gem group was slower than any single agent (p<0.05) (Fig. 5b, c) . As shown in Fig. 5d , treatment with 6-shogaol or gemcitabine alone caused 43% (p<0.05) and 54% (p<0.05) reduction in mean tumor weight respectively relative to vehicle group. Treatment of the combination of the two resulted in 71% decrease in tumor weight, a result which was superior to that observed with 6-shogaol (p<0.05) or gemcitabine (p<0.05) alone. The administration of 6-shogaol did not result in severe weight loss in mice (Fig. 5e) . Moreover, pathologic changes in heart, liver, spleen, lung, kidney, and pancreas were not observed (supplemental 6), suggesting that 6-shogaol did not exert detrimental health effects within the parameters used in our study.
6-Shogaol Exhibited Antitumor Activity in Xenografts of PANC-1 Cells by Downregulation of NF-κB Signaling
We then investigated whether treatment with 6-shogaol or the combination of 6-shogaol and gemcitabine could effectively target NF-κB in tumor tissues. Results showed that NF-κB activity was downregulated by 6-shogaol treatment, and Statistical analysis showed the percentage of cells that formed colonies relative to the controls (control cells=100%). c Effects of 6-shogaol on PANC-1 and BxPC-3 apoptosis. PANC-1 and BxPC-3 cells were seeded into a 96-well plate, incubated for 24 h and then treated with 6-shogaol (0, 15, 20, and 25 μM) for 24 h. Histone-DNA ELISA was performed. d Western blot analysis of pro-caspase 3, cleaved-caspase 3, and cleaved-PARP in pancreatic cancer cells. PANC-1 and BxPC-3 cells were plated (200,000 per well) in a six-well plate, incubated for 24 h and then treated with 6-shogaol (0, 15, 20, and 25 μM) for 24 h. Protein samples were prepared and western blot analysis was performed. *p<0.05 or **p<0.01, treatment vs control. C control, 6S 6-shogaol gemcitabine-induced activation of NF-κB was attenuated when gemcitabine and 6-shogaol were given together (Fig. 6a) . Expression of NF-κB-regulated gene products in tumor samples was also downregulated by 6-shogaol (Fig. 6b) . All the results are evidence in favor of the hypothesis that inhibition of NF-κB signaling is one of the molecular mechanisms whereby 6-shogaol potentiates the antitumor activity of gemcitabine in vivo.
Immunohistochemistry revealed significant reduction of Ki-67 positive cells in tumors derived from mice treated with 6-shogaol and gemcitabine. However, the combination of the two was most effective (p<0.05). The TUNEL-positive cells were significantly increased in tumors from the combination group relative to single-agent-treated animals ( Fig. 6c-e) . Altogether, these data concurred with the decreased expression of genes involved in proliferation and survival within tumor tissues.
DISCUSSION
Pancreatic cancer remains one of the most challenging malignancies, partially due to the advanced disease stage at diagnosis and intrinsic drug resistance (20) . Therefore, agents that inhibit proliferation, survival, angiogenesis, and overcome chemoresistance are highly desirable. In the present study, we investigated the antitumor activity of 6-shogaol, as well as its chemosensitization effects to gemcitabine against human pancreatic cancer. , and 25 μM 6-shogaol for 24 h and cell lysates were prepared and subjected to western blot analysis using antibodies against p-p65 (ser536), p65 and β-actin. b 6-Shogaol inhibited NF-κB nuclear translocation. After PANC-1 cells were treated with 6-shogaol (0, 15, 20, and 25 μM) for 24 h, the cytoplasmic and nuclear fractions of the cells were analyzed by western blotting for the p65 protein, with β-actin and lamin B as cytoplasmic and nuclear loading controls, respectively. c 6-Shogaol decreased NF-κB DNA-binding activity. Cells were incubated with 6-shogaol (0, 15, 20, 25, and 30 μM) for 24 h, and DNA binding was determined in nuclear extracts using EMSA. d 6-Shogaol suppressed the constitutive expression of NF-κB-regulated gene products involved in anti-apoptosis, proliferation, and metastasis. The PANC-1 cells were treated with indicated concentrations of 6-shogaol for 24 h. The whole-cell lysates was prepared and western blot was performed. e 6-Shogaol had minor effects on the expression of TLR4 at the concentration of 15 and 20 μM, but at higher concentration (25 and 30 μM), 6-shogaol decreased the total TLR4 protein. PANC-1 cells were treated with 6-shogaol (15, 20, 25 , and 30 μM) for 24 h. Total proteins were prepared and subjected to western blot analysis using antibody against TLR4 and β-actin. f 6-Shogaol inhibited TLR4 dimerization. PANC-1 cells were treated with 6-shogaol (0, 15, 20, 25, and 30 μM) for 3 h. Native proteins were prepared and subjected to Native PAGE analysis using antibody against TLR4. C control, 6S 6-shogaol 6-Shogaol has an α, β-unsaturated carbonyl group which has been documented to react with biological nucleophiles such as sulfhydryl groups of cysteine residues by a Michael addition (21) . Previous reports have shown that certain phytochemicals with α, β-unsaturated carbonyl group structural motif could disrupt the disulfide bonds, thus inhibiting the prerequisite step for TLR4 activation-homodimerization (22) (23) (24) . Additionally, it was reported that in macrophage and monocytic cells, 6-shogaol could disrupt TLR4 activation (12, 25) . However, whether 6-shogaol functions similarly in a solid tumor is not known, and the corresponding in vivo data are lacking. Our results show that 6-shogaol both decreased Fig. 3 . 6-Shogaol pretreatment enhances the antitumor effects of gemcitabine. PANC-1 and BxPC-3 cells were pretreated with 6-shogaol (15 μM) for 24 h and then cells were incubated with gemcitabine (1 μM) for an additional 72 h for a, c and d. a MTT assay results showed that 6-shogaol potentiated gemcitabine-induced cytotoxicity. b The combination of 6-shogaol and gemcitabine was more effective in inhibiting colony formation. After 6-shogaol (15 μM) treatment for 24 h, PANC-1 and BxPC-3 cells were treated with gemcitabine for another 24 h and clonogenic assay was performed. Statistical analysis showed the percentage of cells that formed colonies relative to the controls (control cells=100%). c Increased apoptosis by 6-shogaol pretreatment was determined using histone-DNA ELISA. d Western blot showed that 6-shogaol and gemcitabine together inhibited the expression of pro-caspase 3 and increased the expression of cleaved-caspase 3 and cleaved-PARP in PANC-1 and BxPC-3 cells. *p<0.05, **p<0.01, control vs treatment groups. # p<0.05, ## p<0.01, monotherapy (6S or Gem) vs combination (6S+Gem). 6S 6-shogaol, Gem gemcitabine (Fig. 2e ) and inhibited endogenous TLR4 dimerization (Fig. 2f) . Furthermore, multiple lines of evidence have suggested that NF-κB, the major transcription factor known to be activated by TLR4 signaling, plays important roles in pancreatic tumor progression, metastasis and chemoresistance (15, 26, 27) . Therefore, we speculated that 6-shogaol might inhibit proliferation and induce apoptosis of pancreatic cancer cells through inhibition of TLR4/NF-κB signaling. In the present study, 6-shogaol was shown to downregulate constitutive activation of NF-κB as well as their target gene products, including cyclin D1, COX-2, survivin, Bcl-2, XIAP, cIAP-1, and MMP-9 in pancreatic cancer (Fig. 2d) , leading to growth arrest and apoptosis induction (Fig. 1a-d ). These observations are Fig. 4 . 6-Shogaol enhances the antitumor effects of gemcitabine against the TLR4/NF-κB signaling in pancreatic cancer cells. a Detection of NF-κB DNA-binding activity using EMSA showed the inhibition of NF-κB by 6-shogaol. PANC-1 cells were pretreated with 6-shogaol (6S, 15 μM) for 24 h and then treated with gemcitabine (Gem, 1 μM) for 72 h. Nuclear extracts were prepared and subjected to EMSA. b Western blot showed that 6-shogaol and gemcitabine together inhibited the expression of NF-κB-dependent gene products. After the same treatment as (a), whole-cell lysates were obtained and subjected to western blot analysis using antibodies against cyclinD1, COX-2, survivin, cIAP-1, XIAP, and β-actin. c PANC-1 cells, either untransfected (Blank) or transfected with vector control (Mock) or p65 for 24 h, were assessed for p65 protein expression. d PANC-1 cells, either untransfected (Blank) or transfected with scrambled siRNA or TLR4 siRNA for 24 h, were assessed for TLR4 protein expression. e-f Overexpression of p65 or silence of TLR4 affected the treatment of 6-shogaol on pancreatic cancer cells. After overexpression of p65 or silence of TLR4 for 24 h, PANC-1 cells were pretreated with 6-shogaol (15 μM) for 24 h and then cells were incubated with gemcitabine (1 μM) for an additional 72 h and cell viability was determined. *p<0.05, **p<0.01, control vs 6S group or Gem group vs combination (6S+Gem) group. 6S 6-shogaol, Gem gemcitabine, ns no significant difference valuable for several reasons. Firstly, COX-2, which is overexpressed in pancreatic cancer, plays a significant role in cancer cell survival and angiogenesis (28, 29) . Additionally, Bcl-2 has been reported to contribute to pancreatic cancer chemoresistance (30) . Moreover, a large body of data indicates that survivin, XIAP, and cIAP-1, members of IAP proteins are constitutively activated in pancreatic adenocarcinoma tissue samples and correlate with resistance to chemotherapy (31, 32) . Therefore, targeting of these proteins leads to enhanced chemosensitivity of pancreatic cancer.
TLR4 and its downstream transcription factor NF-κB have been detected constitutively active not only in pancreatic cancer cells, but also in gastric, breast, and colon cancer cells (33) (34) (35) . Since we found that 6-shogaol could inhibit TLR4/NF-κB signaling cascade in pancreatic cancer cells, we propose that 6-shogaol can also inhibit the growth of other cancer cells in which TLR4 is highly active, and these can be investigated in future studies.
Owing to de novo and acquired chemoresistance, pancreatic cancer is highly resistant to conventional chemotherapy. One feature that chemotherapeutic treatments of cancer have in common is their activation of NF-κB, which mediates cell survival. In recent years, combinatorial approach has been used to overcome this problem by the application of rational chemotherapeutic combinations, such as combination of NF-κB inhibitors and chemotherapy drugs (36) . In our study, 6-shogaol was used in combination with gemcitabine to test its efficacy against pancreatic cancer. Results from our experiments showed that pretreatment with 6-shogaol was effective in sensitizing pancreatic cancer cells to gemcitabine-induced apoptosis. Further, to confirm synergism, IC 50 was calculated (IC 50 =36.87 and 6.60 μM for PANC-1 and BxPC-3 cells) when cells were incubated with gemcitabine for 72 h. These are within the IC 50 range reported by others (37) . Actually, even for one particular cell line, the IC 50 values range from a few nanomole to several millimole (38, 39) . This mainly relates to gemcitabine chemoresistance in pancreatic cancer and IC 50 calculation method. Cell status and treatment deviation also caused wide range of IC 50 . In general, it would not affect synergism analysis. Interestingly, pretreatment with 6-shogaol resulted in an inhibition of constitutive and gemcitabine-induced NF-κB activity and exerted its chemosensitization effects to gemcitabine. Similarly, several dietary chemopreventive compounds have also been shown to sensitize pancreatic cancer cells to gemcitabine through the downregulation of NF-κB (40, 41) .
In the xenograft mouse model, we found that 6-shogaol effectively suppressed the growth of pancreatic cancer and the extent of inhibition was comparable to that of gemcitabine alone. Most interestingly, the combination treatment of 6-shogaol with gemcitabine was found to be much more effective in inhibiting growth of tumors than either agent alone. In vivo results verified that 6-shogaol was instrumental in suppressing the constitutive activation as well as gemcitabine-induced activation of NF-κB. These results further corroborated the hypothesis that 6-shogaol could induce chemotherapeutic sensitization of pancreatic cancer to gemcitabine treatment.
CONCLUSION
Our present findings showed that 6-shogaol had significant potential for the treatment of pancreatic cancer. Firstly, .01, monotherapy (6S or Gem) vs combination (6S+Gem). 6S 6-shogaol, Gem gemcitabine 6-shogaol inhibited TLR4 signaling resulting in a reduced activation of NF-κB, which led to a delayed growth of pancreatic cancer. Moreover, pretreatment with 6-shogaol resulted in an inhibition of constitutive and gemcitabineinduced NF-κB activity and exerted its chemosensitization effects to gemcitabine. Our results provided evidence to support further development of 6-shogaol as an adjuvant to conventional chemotherapeutics for the treatment of pancreatic tumors as well as other cancer cells with high TLR4 expression. Fig. 6 . 6-Shogaol potentiates the effects of gemcitabine though downregulation NF-κB and NF-κB-regulated gene products in vivo. a Detection of NF-κB DNA-binding activity by EMSA in xenografted tumor tissue samples showed the inhibition of NF-κB by 6-shogaol. b Western blot showed that combination treatment of 6-shogaol and gemcitabine inhibited the expression of NF-κB-dependent gene products in pancreatic tumor tissues. Tumor lysates from each group were performed western blot analysis using antibodies against cyclinD1, COX-2, survivin, cIAP-1, XIAP, and β-actin. c Immunohistochemical analysis of Ki-67 and TUNEL in tumor tissue sections from different treatment groups showed the decreased proliferation and increased apoptosis by either 6-shogaol alone or in combination with gemcitabine treatment. The photographs were taken at the magnification of ×20. d Quantification of Ki-67-or TUNEL-positive cells in pancreatic cancer tumors. A total of ten ×40 fields were examined from three tumors of each of the treatment groups. *p<0.05, **p<0.01, vehicle controls vs treatment groups. # p<0.05, ## p<0.01, monotherapy (6S or Gem) vs combination (6S+Gem). 6S 6-shogaol, Gem gemcitabine
